Adenosine-to-inosine (A-to-I) RNA editing displays diverse spatial patterns across different tissues. However, the human genome encodes only two catalytically active editing enzymes (ADAR1 and ADAR2), suggesting that other regulatory factors help shape the editing landscape. Here, we show that the splicing factor SRSF9 selectively controls the editing of many brain-specific sites in primates. SRSF9 is more lowly expressed in the brain than in non-brain tissues. Gene perturbation experiments and minigene analysis of candidate sites demonstrated that SRSF9 could robustly repress A-to-I editing by ADAR2. We found that SRSF9 biochemically interacted with ADAR2 in the nucleus via its RRM2 domain. This interaction required the presence of the RNA substrate and disrupted the formation of ADAR2 dimers. Transcriptome-wide location analysis and RNA sequencing revealed 1328 editing sites that are controlled directly by SRSF9. This regulon is significantly enriched for brain-specific sites. We further uncovered a novel motif in the ADAR2-dependent SRSF9 binding sites and provided evidence that the splicing factor prevents loss of cell viability by inhibiting ADAR2-mediated editing of genes involved in proteostasis, energy metabolism, the cell cycle and DNA repair. Collectively, our results highlight the importance of SRSF9 as an editing regulator and suggest potential roles for other splicing factors.
INTRODUCTION
Adenosine-to-inosine (A-to-I) RNA editing is a prevalent post-transcriptional gene regulatory mechanism (1) . Recent high-throughput sequencing studies of the transcriptome of multiple organisms from Caenorhabditis elegans and Drosophila to mice and humans have uncovered a large number of editing sites, the vast majority of which are of the A-to-I type (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . In humans, there are over a million A-to-I editing sites, especially in Alu repetitive regions due to the formation of long and stable double-stranded RNA (dsRNA) structures. Since inosines are recognized by cellular machineries as guanosines, the editing events are effectively nucleotide substitutions that alter the sequences of the final RNA transcripts. Consequently, RNA editing can result in new protein isoforms, affect RNA splicing, influence RNA stability, alter microRNA targets and impact on the maturation of microRNAs among others. Aberrant editing in humans is known to contribute to various diseases, including multiple cancer types (12) (13) (14) and various neurological disorders (15) (16) (17) (18) . Given the far-ranging impact of RNA editing, it must be carefully orchestrated to ensure normal cell physiology and organismal health.
The ADAR family of enzymes catalyzes the deamination reaction in A-to-I RNA editing (1) . There are three ADAR genes (ADAR1, ADAR2 and ADAR3) annotated in the mammalian genome. Besides a deaminase domain located at the C-terminus, each ADAR protein contains two to three dsRNA-binding domains. However, ADAR3 has no known editing activity and its function in the brain, where it is solely expressed, remains unresolved. On the other hand, ADAR1 and ADAR2 are expressed in multiple tissues (19) and have clear demonstrable editing activities that are essential for many biological processes. Both the ADAR1 knockout mouse (20) (21) (22) and the ADAR1 editing-deficient mouse (23) are embryonic lethal, while the ADAR2 knockout mouse dies within 20 days of birth from epileptic seizures (24) . These animal models again underscore the necessity for RNA editing to be under tight spatiotemporal control.
Due to their critical importance in normal physiology and diseases, the editing activities of the ADAR enzymes are highly regulated at the transcriptional, posttranscriptional and post-translational levels. The expression of the ADAR1 p150 isoform is induced by interferons (25, 26) , while the expression of ADAR2 is stimulated by the CREB transcription factor (27) but downregulated by thiamine deficiency (28) . At the post-transcriptional level, alternative splicing results in multiple ADAR isoforms with different editing efficiencies (29) . Furthermore, the ADAR2 pre-mRNA is known to undergo editing itself, which subsequently influences the splicing process. Post-translationally, sumoylation of ADAR1 by SUMO1 lowers the activity of the enzyme (30) , while ubiquitination of ADAR2 by the E3 ubiquitin ligase WWP2 enhances the degradation of the protein (31) . We have also recently found that degradation of both the ADAR1 and ADAR2 enzymes is regulated by an aminoacyl tRNA synthetase complex-interacting protein AIMP2 (19) . In addition, various studies have demonstrated that subcellular localization of the ADAR enzymes is another important mechanism to regulate RNA editing activity (31) (32) (33) .
Recently, we have performed an extensive profiling of Ato-I RNA editing in thousands of human samples from the Genotype-Tissue Expression (GTEx) project and in hundreds of additional primate and mouse samples (19) . Our study revealed a highly dynamic landscape of editing, including diverse spatial patterns of editing across tissues. Since there are only two catalytically active adenosine deaminases, we hypothesize that there must be many other non-ADAR regulators that help shape the editing landscape. One intriguing observation that we made was that in all the mammalian species that we examined, many protein-coding sites were more highly edited in brain than in non-brain tissues. In the mouse, this finding is unsurprising because editing levels are highly correlated with ADAR1 and/or ADAR2 expression levels both across tissues and over development (19) . However, we did not observe this correlation in human, thereby prompting us to search for an alternative factor that may help explain why particular sites are more highly edited in the human brain than in non-brain tissues, despite a more ubiquitous expression of ADAR1 and ADAR2.
Here, we report that the splicing factor SRSF9 is a key factor that serves to restrict the editing of numerous protein-coding and non-coding sites to the brain. SRSF9, also known as SRp30c, belongs to an evolutionarily conserved serine/arginine-rich (SR) family of splicing factors, which performs fundamental roles both in constitutive and also in alternative pre-mRNA splicing (34) . SRSF9, in particular, has been found to regulate the alternative splicing of multiple disease-associated genes, like hnRNP A1 (35) , tau (36) and . In addition, besides splicing, SR family members are known to participate in various mRNA metabolic processes, including nuclear export, nonsense-mediated decay and translation (38, 39) . More recently, SRSF9 was found to repress ADAR2-mediated editing through a genetic screen (40) . Motivated by this work, we found that the expression of SRSF9 was generally lower in the brain than in non-brain tissues. Subsequently, we demonstrated, through a combination of genetics, biochemical and genomics approaches, that SRSF9 repressed editing by potentially interfering with the dimerization of ADAR2 in the nucleus and also delineated the direct editing regulon of SRSF9, which was significantly enriched for brain-specific sites. We further uncovered a novel sequence motif in the ADAR2-dependent SRSF9 binding sites that may help account for some of the brain-specific editing observed in humans. Collectively, our results underscored the importance of splicing factors in sculpting the editing landscape in humans and also potentially other non-human primates.
MATERIALS AND METHODS

Plasmids
We cloned human ADAR2 into either pcDNA4A or p3xFLAG-CMV10. We also utilized a published expression construct for ADAR2 (41) . Additionally, we cloned SRSF9 into pcDNA4A or pEF6-V5-His with a STOP codon introduced between the C-terminal V5 and His tags by sitedirected mutagenesis. Mutations in SRSF9 were created using QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent) following manufacturer's instructions. All minigenes were cloned into pcDNA3.
Cell lines, viral production and transfection
HEK293T cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Hyclone) and Penicillin-Streptomycin (Gibco). The cells were split into a 6-well plate the day before transfection, so that they would be around 80% confluent the next day. Cells were transfected using JetPrime transfection reagent following manufacturer's instructions. A total of 0.75 g ADAR2 expression vector and 1.5 g SRSF9 expression vector were used for transfection.
SH-SY5Y cells were grown in DMEM-F12 supplemented with 10% FBS (Hyclone). We used lentiviral transduction to overexpress ADAR2 in SH-SY5Y. Standard protocol was followed to generate viruses. Briefly, pCSII-EF-ADAR2-IRES-Venus was packed using VsVg and PAX2 lentiviral package system in HEK293FT cells. The supernatant containing viral particles were collected at 24 and 48 h after transfection and concentrated using centrifugal cutoff filters (Millipore). The concentrated viral particles were used to infect SH-SY5Y cells grown in 6-well plates. The cells were sorted by flow cytometry 3-4 days after transduction.
RNA isolation and qRT-PCR
Total RNA was extracted from cells using the TRIzol reagent (Invitrogen) and was then purified using Zymo RNAmini columns with on-column DNase I digestion (Zymo research). The concentration of RNA was determined by NanoDrop 2000 (ThermoScientific). A total of Nucleic Acids Research, 2018, Vol. 46 , No. 14 7381 1 g DNase-treated total RNA was reverse transcribed with oligo(dT) and SuperScript III (Invitrogen). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed with 1 l 5-fold diluted cDNA and 2X KAPA SYBR Green (KapaBiosystems) in a 10 l reaction on a PRISM 7900HT system (Applied Biosystems).
RNA editing analysis
Each region-of-interest was amplified from cDNA samples using REDiant 2× Taq Mastermix (first Base), purified, and then sent for Sanger sequencing (Axil Scientific). Editing was quantified by dividing the height of G peak with the sum of A and G peak heights. All measurements were made in Adobe Photoshop CS5.
Cell lysis and western blot
Cells were lysed in RIPA buffer containing protease inhibitor cocktail (Roche) and 1 mM phenylmethylsulfonyl fluoride (PMSF). Equal amount of protein lysate was resolved on a 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a nitrocellulose membrane (Millipore) using fast Turbo Transfer (Bio-rad). After blocking in 5% skimmed milk for 1 h, the appropriate primary antibody was added: anti-ADAR2 (RED1) (1:1000, ab64830, Abcam), anti-SRp30c(SRSF9) (1:1000, sc-134036, Santa Cruz), anti-FLAG (1:2000, Clone M2, Sigma), anti-cMyc (1:1000, sc-789, Santa Cruz), anti-V5 (1:2000, ab9116, Abcam) or anti-␤-actin (1:1000, clone C4, sc-47778, Santa Cruz). Primary antibodies were incubated overnight in the cold room. After washing with phosphate-buffered saline (PBS)/0.2% Tween-20 (PBST), a secondary antibody, namely horse-radish peroxidase (HRP)-conjugated anti-rabbit IgG (1:5000, NA934V, Amersham) or HRP-conjugated anti-mouse IgG (1:5000, NA931V, Amersham), was added for 1 h. After washing with PBST, signals were detected using the WesternBright Sirius Chemiluminescent HRP Substrate (Advansta).
Co-immunoprecipitation and native PAGE analysis
HEK293T cells (2 × 10 6 ) were transfected with the relevant tagged constructs, which included FLAG-tagged ADAR2, MYC-tagged SRSF9 and V5-tagged SRSF9. Forty-eight hours after transfection, the cells were lysed in RIPA buffer containing 50 mM Tris-HCl (pH 7.45), 150 mM NaCl, 0.1% SDS, 1 mM EDTA, 10 mM sodium fluorite, 0.5% Nonidet P-40, 0.1 mM phenylmethylsulfonyl fluoride (pH 7.5) and a protease inhibitor cocktail (Roche). Cleared cell lysates were incubated with anti-FLAG M2 affinity beads (Sigma) overnight at 4
• C followed by 2× RIPA washes and eluted in gel loading buffer (150 mM Tris-HCl (pH 7.0), 12% SDS, 25% glycerol, 0.05% bromophenol blue and 6% ␤-mercaptoethanol). The samples were separated by 10% SDS-PAGE, transferred onto a nitrocellulose membrane, and probed with specific antibodies, which included anti-FLAG, anti-MYC or anti-V5. To study ADAR2 dimer disruption by SRSF9, the samples were eluted in loading buffer without ␤-mercaptoethanol and resolved by native PAGE without SDS.
RNA-seq library construction
Poly(A) mRNAs were first obtained from 2 g total RNA using NEBNext Poly(A) mRNA Magnetic Isolation Module (New England Biolabs). The resultant mRNAs were then processed using the NEBNext Ultra Directional RNA Library Prep Kit (New England Biolabs) according to manufacturer's instructions. Pooled barcoded samples were then sequenced on the Illumina HiSeq platform.
Enhanced CLIP
Enhanced CLIP (eCLIP) experiments were performed according to a published protocol with modifications (42) . Briefly, HEK293T cells overexpressing SRSF9 (with or without ADAR2 overexpression) were ultravioletirradiated at 254 nm (UV-C), 1500 mJ cm 2 (Stratagene Stratalinker). Subsequently, the cells were lysed in iCLIP lysis buffer with short pulses of sonication using the bioruptor. DNA was removed from the cell lysate by Turbo DNase treatment and RNA was fragmented by 5 min-treatment with RNase I at 37
• C. The cleared lysates were incubated with MYC-coupled Protein G Dynabeads (Invitrogen) for 4 h at 4
• C, and then eluted and transferred overnight onto nitrocellulose membrane. RNA-protein complex were cut and the bound complex was treated with Proteinase K (New England Biolabs) to remove the proteins. The RNA was then extracted by phenol:chloroform method and concentrated using RNA Clean & Concentrator-5 (Zymo research). The eluted RNA was reverse transcribed, ligated with adaptors and PCR amplified to make the library.
Cell viability and apoptosis assays
Cell viability was measured using PrestoBlue (Thermofisher) following manufacturer's protocol. Briefly, 20 000 cells were seeded in triplicates in a 96-well plate for each condition. After 24 h of incubation in normal growth medium, the cells were washed with PBS and 1:10 PrestoBlue in DMEM-F12 was added to the cells, which were then left in a CO 2 incubator at 37
• C for 30 min. Fluorescence measurements were taken using SpectraMax Plus 384 Microplate Reader. For the apoptosis assay, 20 000 cells were seeded in a 24-well plate and grown in a CO 2 incubator for 24 h. The cells were then treated with 1 M staurosporine for 1 h before they were harvested by trypsinization for Alexa Fluor 647 annexin V staining (Thermofisher). All microscopy images were taken using EVOS FLoid Cell Imaging Station.
Illumina sequencing data analysis
To process the data, we first mapped the reads against the human genome assembly hg19 with STAR (mismatch penalty parameter was -outFilterMismatchNmax 15). Uniquely mapped reads with mapping quality ≥20 were reordered, sorted and assigned group information. Duplicates were removed using Picard. Local realignment and recalibration were then performed with GATK toolkit. Variants were next called by samtools mpileup against the position list from RADAR editing database (human hg19 all sites) and filtered with minimum coverage threshold (20 reads per site).
To determine whether there was any enrichment for brain-specific editing sites in the SRSF9 regulon, we tried three different backgrounds. The first background was all the editing sites within the 683 significant genes whose editing was not affected by SRSF9 overexpression based on our RNA-seq data. The second background was all sites that were covered by at least 20 sequencing reads in our RNAseq data but were not regulated by SRSF9. The third background was all non-significant sites with a minimum coverage of 20 reads in our RNA-seq data and a minimum editing frequency of at least 5% in at least one GTEx tissue.
RESULTS
Brain-specific RNA editing of protein-coding sites in mammals
In our recent effort to construct a comprehensive RNA editing atlas in mammals (19) , we observed that many proteincoding sites were more highly edited in the brain than in non-brain tissues. We applied microfluidic multiplexed PCR (mmPCR-seq) (43) on multiple tissues from a single human individual (N37) and observed that although the overall editing profiles across the different tissues appeared to be generally similar partly due to the presence of primatespecific Alu repeats, many editing sites in protein-coding regions of the transcriptome appeared to be brain-specific, including well-known recoding sites in receptors or ion channels involved in neurotransmission, such as HTR2C (44), GRIK2 (45), GABRA3 (46) and KCNA1 (47) ( Figure 1A ). Transcriptome analysis of the same tissues by RNA sequencing (RNA-seq) revealed that although some of the sites were located in genes that were specifically or more highly expressed in the brain, the majority of these sites were present in genes that were well expressed in non-brain tissues ( Figure 1B) .
Since the brain-specific protein-coding sites were identified from a single human individual, we examined the editing levels of these sites in the GTEx tissue samples. Similar to our mmPCR-seq results, we again observed that the sites were more highly edited in the brain than in non-brain tissues (P < 1 × 10 Figure S1) . Notably, while some of the sites were located in genes that were exclusively or more highly expressed in the brain (Supplementary Figure S2) , most of them were present in genes that were widely expressed throughout the human body (Supplementary Figure S3) . Hence, expression of the host genes could not adequately account for the brain-specific editing of these protein-coding sites.
We sought to determine what trans-acting factor(s) may contribute to brain-specific editing of selected sites. In the mouse, both ADAR1 and ADAR2 are more highly expressed in brain regions than in non-brain tissues (19) . However, when we examined the transcript levels of ADARs in human, we did not observe a similar trend. In the N37 human individual, both ADAR1 and ADAR2 were more highly expressed in the lung than in the cerebellum or frontal lobe ( Figure 1C ). Although we found that the expression of ADAR3 was highly brain-specific, this particular deaminase possessed no known catalytic activity and we had also previously provided evidence that it may function as an inhibitor of editing instead (19) . Likewise, in the GTEx samples, ADAR1 and ADAR2 were broadly expressed throughout the human body, while ADAR3 was highly enriched in the brain regions (Supplementary Figure  S4) .
Next, we examined the expression levels of non-ADAR regulators of editing. Strikingly, we observed that the transcript levels of the splicing factor SRSF9 appeared to be generally low in brain regions and higher in non-brain tissues for both the N37 individual ( Figure 1C ) and the GTEx samples (Supplementary Figure S4) . Since SRSF9 was previously shown to repress the editing of two substrates, CY-FIP2 and CFLAR (40) , it served as a potential candidate factor for us to subsequently follow-up. Notably, CYFIP2 was also a gene whose editing we had found to be highly brain-specific ( Figure 1A and Supplementary Figure S1 ).
To corroborate our observations in human, we checked the expression levels of the ADAR enzymes and SRSF9 as well as the editing levels of several protein-coding sites in multiple cynomolgus monkey (Macaca fascicularis) tissues. qRT-PCR assays showed that there was no enrichment of ADAR1 and ADAR2 transcripts in the brain, although SRSF9 was indeed more lowly expressed in the brain than in non-brain tissues (except muscles) ( Figure 1D ). We further confirmed the levels of SRSF9 by Western blot (Supplementary Figure S5A ). Additionally, Sanger sequencing of protein-coding sites in the TMEM63B gene ( Figure 1E ) as well as the CYFIP2, SON and XKR6 genes (Supplementary Figure S5B -D) revealed brain-specific editing of these sites. Importantly, we found that SRSF9 expression was able to account for over 75% of the editing of brain-specific sites in both human and M. fascicularis (Supplementary Figure  S6) . Collectively, our results suggested that SRSF9, but not ADAR1 or ADAR2, may enable brain-specific editing of selected sites in humans and non-human primates.
Editing repression of endogenous substrates by SRSF9
We first performed gene perturbation experiments in HEK293T cells to assess our hypothesis that SRSF9 functions as a key enabler of brain-specific editing in primates. For each target site, we transfected SRSF9 alone, ADAR1 or ADAR2 alone, or an editing enzyme together with SRSF9 ( Figure 2A ). We used Sanger sequencing to quantify the editing levels of 16 brain-specific protein-coding sites in ten different genes as well as three other protein-coding sites in two genes that did not exhibit brain-specific editing in the N37 human individual (Supplementary Figure S7A ) and in the GTEx samples (Supplementary Figure S7B) . Almost all of the editing sites tested were either not edited or were edited at low levels in the control cells and in cells transfected with only SRSF9 (Supplementary Figures S8-10 ). We also observed that with the exception of NEIL1, most of the genes were mainly ADAR2 targets ( Figure 2B ), which is consistent with our recent finding that ADAR2 is the primary editor of non-repetitive coding sites (19) . Importantly, we found that SRSF9 was able to significantly repress ADAR2-mediated editing of 12 out of the 16 brainspecific sites by at least 5% (P < 0.05, Student's t-test). Only the editing of NEIL1 and NOVA1 was not repressed by the METTL10   TMEM230   ZNF140   GPRIN2   GRIA4   GABRA3   NEIL1  PPIL3  RICTOR  SON  STK36  TMEM138  SRP9 S k e le t a l M splicing factor. Notably, the repression in editing of the 12 brain-specific sites was not simply due to a decrease in the expression of ADAR2 (Supplementary Figure S11A) . We further observed that the editing of the non-brain-specific sites in the COPA and FLNB genes were repressed by a much smaller extent than most of the brain-specific sites. Next, we performed gene perturbation experiments in the human neural progenitor cell line ReN-VM, which naturally expressed ADAR2 at a much higher level than HEK293T cells (Supplementary Figure S11B) . Consequently, we observed that a number of protein-coding sites in the endogenous KCNA1, CYFIP2, XKR6, SON and FLNB genes were moderately edited without the need to transduce an additional plasmid to overexpress the editing enzyme ( Figure 2C ). Importantly, we found that overexpression of SRSF9 in the ReN-VM cells led to a reduction in the editing levels of the brain-specific sites located within KCNA1, CYFIP2, XKR6 and SON by at least 5%. In contrast, SRSF9 overexpression did not change the editing of FLNB appreciably. Collectively, our data demonstrated that SRSF9 was able to selectively repress the editing of particular protein-coding sites in human cells.
Interaction between SRSF9 and ADAR2
To gain mechanistic insights into the negative regulation of editing by SRSF9, we examined the interaction between the splicing factor and ADAR2. We first checked whether fulllength FLAG-tagged ADAR2 protein and different truncated variants of the editing enzyme could biochemically interact with V5-tagged SRSF9 ( Figure 3A ). Consistent with a previous study (40) , full-length ADAR2 was able to pull down SRSF9 in co-immunoprecipitation experiments using beads coupled with an ␣-FLAG antibody, while a beadsonly control without any ADAR2 protein was unable to do so. We also found that the dsRBD2 and deaminase domains of ADAR2 were dispensable for the interaction between the editing enzyme and the splicing factor. Interestingly, deletion of the N-terminus (amino acids 1-77) of ADAR2 abolished the ability of the editing enzyme to pull down SRSF9, suggesting that some element within this N-terminal region was required for the interaction. We further confirmed our pull-down results with MYC-tagged SRSF9 (Supplementary Figure S12 ). Previous work has shown that the Nterminal region of ADAR2 contains a nuclear localization signal (NLS) (48) . Hence, to determine if a NLS is the missing element, we fused an artificial SV40 NLS to construct A5 and found that we could again co-immunoprecipitate SRSF9 ( Figure 3A) . Collectively, our data indicate that the dsRBD1 domain of ADAR2 interacts with SRSF9 in the nucleus and are also consistent with a previous study that demonstrated a co-localization of SRSF9 and ADAR2 in the nucleoli (40) .
Next, we asked which regions of SRSF9 may be important for the splicing factor to interact with the editing enzyme. Here, we evaluated whether full-length FLAG-tagged ADAR2 could pull-down different deletion fragments of V5-tagged SRSF9 in co-immunoprecipitation assays (Figure 3B) . Removal of the C-terminal serine/arginine (SR)-rich domain did not impact on the ability of the splicing factor to associate with ADAR2 in a complex. However, we found that removal of either RNA recognition domain alone (RRM1 or RRM2) abolished the interaction between SRSF9 and ADAR2. Strikingly, when we fused a SV40 NLS to the RRM2 domain of SRSF9 (construct S5), interaction between the splicing factor and ADAR2 was re-established. Hence, our data indicate that the N-terminal RRM1 domain of SRSF9 may contain a cryptic NLS and that the RRM2 domain alone is sufficient to interact with the editing enzyme.
To assess the functionality of the various SRSF9 deletion fragments, we tested whether each construct could repress ADAR2-mediated editing of endogenous XKR6 transcripts in HEK293T cells ( Figure 3C ). Overall, truncated variants that did not co-immunoprecipitate with ADAR2 also failed to repress the editing of XKR6. Importantly, we found that construct S5 (NLS-RRM2) was able to inhibit editing to the same extent as full-length SRSF9.
In view of the fact that SRSF9, ADAR2 and the underlying RNA substrate have a tripartite relationship, we asked whether the interaction between the two proteins required the presence of the RNA. From co-immunoprecipitation experiments, we found that the interaction between SRSF9 and ADAR2 was greatly diminished upon RNase treatment ( Figure 3D) . A previous study also showed that a highly conserved SWQDLKD motif in RRM2 is important for the family of SR proteins to bind to RNA (49) . Hence, we tested whether K128A and D129A mutations could separately impact the ability of SRSF9 to interact with ADAR2. From co-immunoprecipitation experiments, we observed that both mutations led to an obvious reduction in the amount of SRSF9 protein that was pulled down together with ADAR2 ( Figure 3E ). Furthermore, both SRSF9 mutants were no longer able to repress ADAR2-mediated editing of endogenous XKR6 transcripts ( Figure 3F ). Collectively, our data highlighted the importance of the RNA substrate in mediating the interaction between ADAR2 and SRSF9.
Since the N-terminus and dsRBD1 domain of ADAR2 had previously been shown to be necessary for protein dimerization and editing activity (50,51), we wondered whether the interaction of SRSF9 with this region of the editing enzyme ( Figure 3A) would interfere with the formation of ADAR2 dimers. To test this, we immunoprecipitated ADAR2 without and with overexpression of V5-tagged SRSF9 and then resolved the protein mixture by non-denaturing native PAGE before probing for the editing enzyme and the splicing factor by Western blot ( Figure  3G and Supplementary Figure S13) . Strikingly, we found that overexpression of SRSF9 led to a significant decrease in the amount of ADAR2 dimers and a concomitant increase in the amount of ADAR2 monomers (P < 0.01, Student's t-test) ( Figure 3H ). Taken together, our results show that SRSF9 represses A-to-I editing by possibly preventing or disrupting the formation of ADAR2 dimers within the cell nucleus in a RNA-dependent manner.
Analysis of minigenes competent for ADAR2 editing and SRSF9 repression
Given the importance of the RNA substrate in mediating the interaction between SRSF9 and ADAR2, we sought to construct minigenes to understand the intrinsic features of transcripts whose editing could be repressed by SRSF9. We first identified the editing site complementary sequences (ECSes) of various ADAR2 substrates. For CACNA1D, we searched the flanking introns of exon 41, which contained two protein-coding sites, for highly conserved regions (Supplementary Figure S14 ) and found a short intronic sequence about 3800 bp upstream of the editing sites that may potentially base pair with the exon to form a dsRNA structure necessary for editing to occur. For KCNA1, SON and XKR6, the putative ECSes were relatively easier to locate as they appeared to be within the same protein-coding exons as the respective editing sites. We then used the RNAfold program from the Vienna package (52) to predict RNA struc- Figure S15) . Since we did not know where in the transcripts SRSF9 might be binding, we started off by cloning fragments that were sizably larger than the minimal dsRNA stems necessary for editing to occur ( Figure 4A ). Subsequently, we introduced these minigenes into HEK293T cells to test whether they could be edited by ADAR2 and then repressed by SRSF9 ( Figure 4B and Supplementary Figure S16) . When the minigenes were co-transfected with an ADAR2 overexpression plasmid alone, they could be edited robustly at frequencies ranging from 27% to nearly 90%. Importantly, the editing levels were significantly lower (P < 0.05, Student's t-test) when the minigenes were co-transfected with both an ADAR2 overexpression plasmid and a SRSF9 overexpression plasmid. We further verified that similar repression of editing by SRSF9 could be observed regardless of whether we sequenced our PCR products with a forward primer or a reverse primer (Supplementary Figure S17) .
Next, we explored whether it was possible to reduce the size of the KCNA1 minigene by progressively reducing the length of the original construct and also by cloning a different part of the exon containing the editing sites and the ECS ( Figure 4C ). We found that SRSF9 failed to repress the editing of all the smaller minigenes ( Figure 4D and Supplementary Figure S18 ). Notably, a small fragment containing just the minimal stem structure (Variant 2) was edited robustly by ADAR2, but this editing could not be repressed by SRSF9. Hence, our results indicate that SRSF9 can regulate editing at a long distance perhaps through folding of the RNA in three-dimensional space.
A previous study showed that SRSF9 bound directly to an intronic RNA sequence CUGGAUU to regulate the splicing of hnRNP A1 pre-mRNA (35) . We wondered whether SRSF9 also relied on the same sequence motif to regulate RNA editing. To this end, we examined the CACNA1D minigene and found a similar motif 20-bp downstream of the ECS (Supplementary Figure S19A) , which is still within a highly conserved region of intron 40 (Supplementary Figure S14) . In rodents, the genomic sequence is exactly CTGGATT, while in primates, the genomic sequence is CTGTATT and contains a single nucleotide change. To assess the functionality of the putative motif, we deleted it from the CACNA1D minigene, but found that ADAR2-mediated editing of the minigene could still be repressed by SRSF9 to a similar extent as the original minigene (Supplementary Figure S19B) . Hence, it is possible that SRSF9 relies on different cis-acting elements to perform its two separate functions in RNA splicing and RNA editing.
Genome-wide analysis of SRSF9 binding and repression
We sought to obtain a more comprehensive global view of the SRSF9 editing regulon beyond the limited number of protein-coding sites that we had examined so far. First, we performed RNA-seq analysis to quantify changes in editing levels upon overexpression of ADAR2 alone or upon overexpression of both ADAR2 and SRSF9 ( Figure 5A ). We focused on the extensive list of sites in the RADAR database (53) and required a minimum coverage of 20 reads to be confident of our editing level measurements. Upon overexpression of ADAR2, we found that 18 174 sites were differentially edited compared to control cells, of which 97.0% showed a significant increase in their editing levels as expected (P < 0.05, Fisher's test) ( Figure 5B ). Furthermore, when we overexpressed both ADAR2 and SRSF9 together, we found that 6,994 sites were differentially edited compared to overexpression of the deaminase alone (P < 0.05, Fisher's test). Importantly, the editing of 92.5% of these sites was downregulated, consistent with the function of SRSF9 as a repressor of editing ( Figure 5B) . Additionally, most of the significant sites were in 3 UTR and introns, thereby extending the regulatory role of SRSF9 beyond the proteincoding region.
Subsequently, we sought to identify the editing sites that were regulated directly by SRSF9. To this end, we mapped the RNA binding sites of SRSF9 in HEK293T cells by eCLIP-seq (enhanced crosslinking followed by immunoprecipitation and deep sequencing) (42) and developed an inhouse computational pipeline to analyze our deep sequencing datasets (Supplementary Figure S20) . A potential confounding factor is that many of the binding sites will be irrelevant to RNA editing because SRSF9 also performs an important function in splicing. To overcome this problem, we examined the binding sites without and with overexpression of ADAR2 and then searched for sites that exhibited enhanced binding by SRSF9 in the presence of the editing enzyme ( Figure 5C ). Additionally, we co-transfected the original 4012-bp long CACNA1D minigene, as low expression of the endogenous gene in HEK293T cells may not allow us to determine the binding locations of SRSF9 in the CACNA1D transcripts.
Overall, our eCLIP-seq experiments yielded a total number of 80 514 binding peaks throughout the transcriptome, of which 31 772 peaks exhibited enhanced binding by SRSF9 with ADAR2 overexpression. Importantly, SRSF9 did not bind to the CACNA1D minigene when there was a lack of ADAR2 protein, but bound strongly to the minigene at two separate locations upon ADAR2 overexpression (Supplementary Figure S21A) . Similarly, SRSF9 did not bind to the endogenous SON transcripts surrounding the editing sites without exogenously supplied ADAR2, but exhibited strong binding at multiple positions of the gene upon ADAR2 overexpression ( Figure 5D ). These two examples indicate the validity of our approach. We then shortlisted 2646 SRSF9-bound genes that also contained at least one editing site covered by a minimum of 20 reads in our RNA-seq data. Upon overlapping with the list of genes whose editing was significantly inhibited by SRSF9 based on our earlier RNA-seq analysis, we obtained a final set of 3823 sites in 683 genes ( Figure 5E and Supplementary Figure S21B) , which constituted the direct editing regulon of SRSF9 as supported by evidence from binding data (eCLIP-seq) and functional data (RNA-seq).
The protein-coding sites of SON lie within the direct editing regulon of SRSF9. Hence, we decided to examine the binding peaks within SON in detail. We focused on the 1 kb region surrounding the editing sites that we had earlier found to be sufficient for editing repression by SRSF9 ( Figure 4A and B). There were four significant eCLIP-seq peaks in this region ( Figure 5D and F) . To assess their func- Editing Level (%) tionality, we generated two variants of the SON minigene, one lacking the rightmost SRSF9 binding site (Variant 1) and another missing the binding sites at both ends (Variant 2). We found that Variant 1 could be edited and repressed just as efficiently as the original minigene for the two editing sites-of-interest ( Figure 5G and Supplementary Figure S21C ), thereby indicating that the rightmost binding location of SRSF9 was either non-functional or redundant. Interestingly however, while the editing and repression of the downstream site (chr21:34923319) in Variant 2 was comparable to the original minigene, we found that SRSF9 could not repress the editing of the upstream site (chr21:34922801) to the same extent as before ( Figure  5G and Supplementary Figure S21C) . Hence, the leftmost binding location of SRSF9 was necessary for the splicing factor to regulate the editing of the upstream but not the downstream site. The results also highlighted the usefulness of our eCLIP-seq data in identifying functional cis-acting elements. Interestingly, we noted that there were 1963 genes that were bound by SRSF9 in the presence of ADAR2 but yet contained editing sites that were not repressed by the splicing factor. To rule out the possibility that the genes were simply lowly edited even with the overexpression of ADAR2, we determined the maximum editing level observed in each gene ( Figure 5E ). While the majority of the genes were indeed lowly edited, there were still 860 genes that were edited at a frequency of at least 5%. In fact, 425 of them were edited at a frequency of 20% or more. Hence, our data indicate that recruitment of SRSF9 to RNA substrates by ADAR2 may not necessarily result in productive repression of A-to-I editing. This might be because there can be other unknown regulatory factors present as well and the final editing level is the outcome of complex combinatorial control by multiple regulators. Nevertheless, we cannot rule out the possibility that some of the ADAR2-dependent, SRSF9-bound genes may also be non-biological targets due to SRSF9 overexpression.
We wondered whether the ability of SRSF9 to inhibit editing of a particular site could be affected by the site's distance from the bound location of SRSF9 on the transcript. To this end, we calculated the distance of each edit- ing site to the closest SRSF9 binding peak for both the significant set of 3823 sites in the SRSF9 regulon and the set of remaining 50 326 sites that resided in genes bound by SRSF9 but were not regulated by the splicing factor. Since the lengths of different transcripts were highly variable, we normalized the distance to gene length and plotted its distribution for both the significant set and the negative control (Supplementary Figure S21D) . Overall, both distributions looked similar and we found that SRSF9 did not bind nearer to sites whose editing could be repressed by it (P > 0.1, Kolmogorov-Smirnov test). Hence, our genome-wide analysis suggests that SRSF9 can inhibit editing at a distance and agrees with our earlier results on the KCNA1 minigenes ( Figure 4 ). To gain further insights into the editing sites that were directly regulated by SRSF9, we examined their editing profiles across multiple human tissues. For this purpose, we made use of the GTEx project data on 53 distinct body sites (13 brain and 40 non-brain tissues) from 552 donors (19) . We obtained 3173 editing sites from our original set of 3823 sites, after we required each site to have frequency measurements in at least one brain tissue and one nonbrain tissue. Strikingly, we found that 41.9% (1328 out of 3173 sites) were edited at significantly higher levels in the brain than in non-brain tissues (P < 0.05, Wilcoxon test), which represented a highly significant enrichment for brainspecific editing compared to various negative controls (see 'Materials and Methods' section) (P < 1 × 10 −22 , Fisher's test) ( Figure 5H and Supplementary File S1). Furthermore, Gene Ontology (GO) analysis revealed that there was an enrichment for genes involved in neurological diseases, such as cerebellar ataxia (P < 0.001, hypergeometric test). Additionally, we found that the ADAR2-mediated SRSF9 binding sites were significantly enriched for two sequence motifs ( Figure 5I) . Notably, the palindromic C-WS-C-W-G-SW-G motif is novel and is present in the leftmost binding peak that we have earlier determined to be necessary for SRSF9 to repress an editing site in SON ( Figure 5G ). In contrast, a search of the ADAR2-independent eCLIP-seq peaks recovered only GA-rich motifs, which is consistent with previous studies on SRSF9 and other SR proteins (Supplementary Figure S21E) (49, 54) . Collectively, our results suggest that SRSF9 regulates editing in a distinct manner from splicing and also underscore its importance as a repressor of brainspecific editing sites.
Physiological consequence of editing repression by SRSF9
We wondered why there was a need for SRSF9 to repress ADAR2-mediated editing in non-brain tissues. To study this question, we utilized the human neuroblastoma cell line SH-SY5Y as a model system. Several protein-coding sites in CACNA1D, CYFIP2, XKR6, and TMEM63B were not edited in SH-SY5Y (Supplementary Figure S22A-D) due to low expression of ADAR2 and high expression of SRSF9, as assayed by qRT-PCR (Supplementary Figure  S22E) . We first overexpressed ADAR2 to increase the editing activity in the cells and observed some reduced cell growth ( Figure 6A and B) , consistent with the role of ADAR2 as a tumor suppressor in several cancer types (55) (56) (57) . Strikingly, when we attempted to enhance the editing activity even further by simultaneously knocking down SRSF9, we observed that the cells grew much more slowly. This retarded growth was not simply due to loss of SRSF9 because when we knocked down the splicing factor by itself, the cells proliferated at a rate similar to the cells with ADAR2 overexpressed alone. We also measured cell viability of the different cell lines using PrestoBlue and obtained results that mirrored the growth curves ( Figure 6C ). Notably, when we overexpressed a catalytically dead ADAR2 enzyme (dADAR2) in our SRSF9 knockdown cells, the proliferation rate and cell viability were only marginally reduced, suggesting that the editing activity of ADAR2 was required for the observed phenotypes ( Supplementary Figure S22F and G) . To further confirm our results, we treated control and genetically perturbed cells with 1 M staurosporine for 1 h and then quantified the percentage of apoptotic cells by Annexin V staining and flow cytometry ( Figure 6D ). We found that 3.9% of ADAR2 overexpressed cells and 5.1% of SRSF9 depleted cells were apoptotic. In contrast, 25.8% of cells with both ADAR2 overexpressed and SRSF9 depleted but only 1.4% of control cells were apoptotic.
To gain insights into the molecular underpinnings of the reduced growth rate and cell viability, we performed RNAseq analysis of our control and genetically perturbed SH-SY5Y cells. Principal component analysis (PCA) of gene expression levels showed that the samples segregated by experimental conditions, with the first two principal components accounting for ∼70% of the variation in transcript levels ( Figure 7A ). Hierarchical clustering also revealed distinct patterns of gene expression between the four experimental conditions ( Figure 7B ). Of particular interest were the set of genes that were differentially expressed between the ADAR2-overexpressed, SRSF9-depleted cells and the more viable cells with only a single gene perturbation (Supplementary File S2) . GO analysis of the upregulated genes revealed that they were enriched for functions in RNA splicing, oxidative phosphorylation, ribosome and translation-related processes, proteasome, steroid biosynthesis and RNA polymerase ( Figure 7C ). On the other hand, GO analysis of the downregulated genes recovered terms that were primarily related to stress responses (Figure 7D ). For example, selenoamino acids, namely selenocysteine and selenomethionine, are incorporated in proteins that are involved in antioxidant activity. This may explain why the ADAR2-overexpressed, SRSF9-depleted cells were more susceptible to apoptosis, as their cellular defense mechanisms have been switched off or toned down.
Next, we quantified changes in editing levels using the RNA-seq data ( Figure 7E ). As before, we required a minimum coverage of 20 reads and focused on the extensive list of sites in the RADAR database (53) . Expectedly, 25 508 sites were differentially edited upon ADAR2 overexpression vis-à-vis control cells, of which 97.4% showed a significant increase in their editing levels (P < 0.05, Fisher's test). Additionally, consistent with the role of SRSF9 as a repressor of editing, 86.7% of the 3534 differentially edited sites showed significantly increased editing levels upon SRSF9 knockdown compared to control cells (P < 0.05, Fisher's test). We further found that when we simultaneously overexpressed ADAR2 and depleted SRSF9, 14 640 sites were Nucleic Acids Research, 2018, Vol. 46 differentially edited relative to control cells, of which 95.5% exhibited significantly increased editing levels (P < 0.05, Fisher's test). Oddly, while the editing activity in these cells was clearly stronger than that in control cells and also in SRSF9 depleted cells, it appeared to be weaker than the editing activity in cells with ADAR2 overexpressed alone. We then checked the transcript and protein levels of ADAR2 together with a ␤-actin control. While there was no abnormality in the transcript levels ( Supplementary Figure S23A ), we were surprised to discover that we could not detect any ␤-actin protein in the ADAR2-overexpressed, SRSF9-depleted cells and that the ADAR2 protein level itself was not higher than that in both the control cells and the SRSF9 knockdown cells (Supplementary Figure S23B) . Hence, there appeared to be a massive remodeling of the cellular proteome, given that our gene expression analysis had earlier uncovered many genes related to the proteasome and ubiquitin-linked proteolysis that were significantly upregulated upon simultaneous perturbations of ADAR2 and SRSF9 ( Figure 7C ). Subsequently, we examined the 2762 sites whose editing was significantly increased in the ADAR2 overexpression plus SRSF9 knockdown condition, but not in either of the single gene perturbation condition (P < 0.05, Fisher's test) ( Figure 7F and Supplementary File S3). GO analysis uncovered terms related to the cell cycle and mitosis as well as terms related to cellular structures that undergo dynamic changes in cell division, such as the cytoskeleton and the chromosomes, thereby suggesting that RNA editing may be involved in the dramatic reduction in cell growth. Genes with functions in DNA damage and DNA repair were also enriched, suggesting a link between editing and the cells' susceptibility to apoptosis when stressed. Notably, we further observed that the 2762 dysregulated editing sites were enriched in genes with functions related to the ribosome, mitochondrion and spliceosome, which we had earlier found to be affected when we performed GO analysis on the differentially expressed genes ( Figure 7C ). Importantly, the changes in editing levels were not simply due to changes in expression levels, as the set of differentially expressed genes was distinct from the set of differentially edited genes whose transcript levels remained nearly stable (Supplementary Figure S24) . Hence, the functional convergence on common biological processes despite the distinct gene sets implicates RNA editing in the observed phenotypes. Collectively, our results suggest that SRSF9 prevents loss of cell viability by blocking ADAR2-mediated editing of key sites in genes that perform important functions in protein and energy metabolism as well as the cell cycle.
DISCUSSION
A-to-I RNA editing, catalyzed by the ADAR family of enzymes, is a fundamental post-transcriptional modification in animals. It has to be carefully regulated given its critical importance in many cellular processes. In a recent effort to build a comprehensive reference atlas for the scientific community, we uncovered diverse spatiotemporal patterns of RNA editing in human (19) . An open question that arises is how these patterns can be generated with only two catalytically active enzymes, ADAR1 and ADAR2. In particular, many editing sites are more highly edited in the brain than in non-brain tissues. Such a pattern can be readily accounted for in the mouse simply by the higher expression of the editing enzymes in the brain. However, the same is not true in human because ADAR1 and ADAR2 are also highly expressed in several non-brain tissues, such as the lung. Here, we report that the splicing factor SRSF9 selectively represses the editing of numerous sites in non-brain tissues, thereby allowing them to be more highly edited in the brain. Mechanistically, we found that the RRM2 domain of SRSF9 alone is sufficient to biochemically interact with ADAR2 in the nucleus to repress editing. The dispensability of the RRM1 domain of SRSF9 for interaction and editing repression is consistent with previous work that demonstrates that a related protein SRSF1 uses only its pseudo-RRM domain (RRM2) to recognize its natural substrates in the cell (49) .
In contrast to an earlier study (40) , we found that the RNA substrate plays an important role in mediating SRSF9 s regulatory function in editing. RNase treatment or mutations in an RNA-binding ␣-helix located within RRM2 (49) abolished the interaction between SRSF9 and ADAR2 and prevented the splicing factor from inhibiting editing. The discrepancy between our work and the previous study may be due to different concentrations of RNase used or different durations of RNase treatment. Additionally, our data indicate that SRSF9 may not necessarily bind close to target sites to repress editing. It may be possible that looping of the RNA in three-dimensional space brings the splicing factor nearer to editing sites for it to perform its function, which will again require the RNA to play a more prominent role in the process.
Our experiments indicate that SRSF9 potentially interferes with the formation of ADAR2 dimers. The requirement for protein dimerization in RNA editing has been previously suggested by multiple studies (50, 51, (58) (59) (60) (61) , with a subset of these pinpointing dsRBD1 as the key domain involved in the process. In addition, a solution structure of the two dsRNA-binding domains of ADAR2 bound to a stem-loop pre-mRNA substrate showed that they occupy only one-third of the space around the RNA helix, indicating that the binding of a second ADAR2 molecule would be sterically possible (62) . Our biochemical data are consistent with all these previous studies. However, it is currently unclear how exactly SRSF9 affects the level of ADAR2 dimers in the cell. For example, the splicing factor may bind to an ADAR2 monomer-RNA complex and prevent the recruitment of an additional ADAR2 molecule or it may bind to an already formed ADAR2 homodimer sitting on a transcript and disrupt this dimer. More work is needed to dissect the detailed mechanism underlying editing repression by SRSF9.
A natural question that arises is how SRSF9 selects particular RNA substrates for editing repression. We searched the ADAR2-dependent SRSF9 binding sites for potential sequence signatures and discovered a novel palindromic motif, C-WS-C-W-G-SW-G, that can help explain some of the brain-specific editing that we have observed, for example in the SON gene. In contrast, we were only able to recover GA-rich motifs when we searched the ADAR2-independent SRSF9 binding peaks, which is in agreement with previous studies on SRSF9 and other SR proteins (49, 54) . Despite this discovery, however, there are still many genes whose editing is brain-specific and is repressed by the splicing factor but yet their SRSF9 binding sites do not contain the novel palindromic motif or a GA-rich motif. One possibility is that SRSF9 might also rely on a higher-order structural motif to perform its regulatory function. Future directions could include utilizing novel techniques like PARIS (63) , SPLASH (64) or LIGR-seq (65) to map RNA-RNA interactions in vivo and to gain structural information on the editing substrates in their native cellular context.
We have explored the question of why the editing of brain-specific sites needs to be repressed in non-brain tissues. Concomitant ADAR2 overexpression and SRSF9 depletion in the SH-SY5Y cell line resulted in a severe reduction in growth rate and cell viability, which was not observed when we perturbed the expression of ADAR2 or SRSF9 alone. The ADAR2-overexpressed, SRSF9-depleted cells were also highly susceptible to apoptosis when stressed. RNA-seq analysis revealed that the expression of genes involved in different pathways necessary for cells to cope with stresses were strongly downregulated. Importantly, GO analysis of differentially expressed genes and GO analysis of differentially edited genes converged on similar functional terms related to protein homeostasis (proteostasis) and energy metabolism. The differentially edited genes were also enriched for functions related to the cell cycle as well as DNA damage and repair. Hence, although the poor growth and cell viability of ADAR2-overexpressed, SRSF9-depleted cells may simply be an outcome compounded by two separate stressors, RNA editing is likely to play an important role due to its association with multiple dysregulated biological processes. Nevertheless, further work is needed to carefully dissect the underlying mechanism linking editing with the observed phenotypes.
In the current work, we have focused mainly on addressing brain-specific editing, but there are many other spatiotemporal editing patterns (19) . For example, thousands of sites are selectively edited in only a single tissue, such as the artery. Also, we have found that an editing site's dependence on ADAR1 or ADAR2 can change depending on the biological context. Clearly, there must be other trans-acting factors that regulate the activity of the two deaminases.
Since we have shown that SRSF9 plays an important role in shaping the editing landscape in mammals, it is tempting to speculate that other spliceosome components may also regulate editing. Indeed, a previous study reported that ADAR2 was associated with various splicing factors, including SR proteins, in large nuclear ribonucleoprotein (lnRNP) particles (66) . Additionally, the pre-mRNA undergoes many RNA processing steps before emerging from the nucleus as a mature mRNA. Hence, many RNA-binding proteins must assemble on the RNA transcript at different stages of the maturation process. It will be interesting to unravel the timing and coordination of the various events occurring on the pre-mRNA and how the different RNA processing steps influence one another.
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